ABSTRACT Temperature data are unavailable for most boll weevil overwintering habitats.
IN MOST OF its habitable range within North America, the adult boll weevil, Anthonomus grundis grundis Boheman, undergoes a facultative diapause characterized by cessation of gametogenesis, atrophied gonads, increased fat body content, and decreased respiration (Brazzel and Newsom 1959) . Boll weevils initiate diapause as early as late July (Brazzel and Newsom 1959, Mitchell and Mistic 1965) , with spring-summer emergence from dia- 
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pause continuing in some cases to mid-August the following year Rummel 1985, Slosser and Fuchs 1991) . The proportion of diapausing weevils that successfully overwinter is largely dependent on time of entry into overwintering habitats (Fenton and Dunnam 1927 , Sterling 1971 , Wade and Rummel 1978 , Rummel and Carroll 1983 , Parajulee et al. 1996 , winter severity as reflected by low temperatures and rainfall (Pfrimmer and Merkl 1981 , Stone et al. 1990 , Parajulee et al. 1996 , and the insulating capacity of overwintering habitats (Beckham 1957 , Bottrell et al. 1972 , Slosser et al. 1984 , Slosser and Fuchs 1991 , Carroll et al. 1993 . Bottrell et al. (1972) documented that the pri- This article is the copyright property of the Entomological Society of America and may not be used for any commercial or other private purpose without specific written permission of the Entomological Society of America. (Slosser and Fuchs 1991, Carroll et al. 1993) . Tallgrowth shinnery oak, Quercus havardii Rydberg, is a deciduous shrub that grows on sandy soils, produces a thicket of leaf litter 5-10 cm deep, and provides one of the best overwintering habitats for boll weevils in the Texas Rolling Plains . A stand of tall shinnery oak trees is generally referred to as a shinnery motte. Low-growth shinnery oak brush comprises a mixture of hybrid oaks that produces leaf litter about half as deep as that of tall-growth shinnery oak . Mesquite is a deep-rooted spiny leguminous shrub that mixes with the grass pasture and forms extensive thickets, but the thickness of the litter (1.25 cm) is less than that found in shinnery oaks (Slosser and Fuchs 1991) . Pecan is a broadleaf deciduous tree that produces leaf litter -5-10 cm deep (Slosser and Fuchs 1991) . Shelterbelts are a mixture of broadleaf and evergreens and can have as many as 6-10 species (Slosser et al. 1984) . Shelterbelts in the Texas High Plains and Rolling Plains are often comprised of sycamore, Platanus occidentalis L., green ash, Frarinus pennsylvanica Marsh, and eastern redcedar, Iuniperus virginiana L., which collectively produce leaf litter 5-10 cm deep (Slosser 1993) . Weeping lovegrass is a buncht p e grass which is used for planting in mar "I, erodable lands for soil conservation, and pro f uces a large amount of plant residue suitable for overwintering weevils (Brown and Phillips 1989, Carroll et d. 1993 ). Because of differences in leaf litter depth and canopy cover, the temperatures experienced by weevils in each habitat may vary, hence weevil survival and their pattern of emergence may be quite different among the overwintering habitats (Smith and Scales 1965 , Fye and Bonham 1969 , Rummel and Adkisson 1970 , Bottrell et al. 1972 , Graham et al. 1978 , Slosser et al. 1984 , Carroll et al. 1993 . Ambient temperature data are much more readily available than are leaf litter temperature data. As a result, ambient data often are used to predict the survival and emergence of overwintering weevils (Gaines 1943 , Curry et al. 1980 , Leggett et al. 1988 , Stone et al. 1990 ). The objective of this research was to establish the relationship between ambient and overwintering habitat temperatures in the Rolling Plains of Texas for greater accuracy in evaluating boll weevil overwintering survival and emergence.
Materials and Methods
Experimental Sites and Weather Data. Six boll weevil overwintering habitats including tall-growth shinnery oak motte, low-growth shinnery oak brush, mesquite-grass pasture (Stonewall County, 33.2" N), pecan (Tom Green County, 31.3" N) , shelterbelt (Knox County, 33.4" N) , and weeping lovegrass (Garza County, 33.1" N), were studied in the Rolling Plains of Texas from 1986 to 1995. Data loggers (CR-21 Microlo er, Campbell Scientific, Logan, UT) were use P to monitor hourly temperatures in all 6 overwintering habitats throughout the year, with 1 datalogger placed in each habitat. Hourly leaf litter temperatures were recorded during 1992-1995 in tall shinnery motte, low shinnery brush, and mesquite-grass pasture habitats at 5, 2.5, and 1.25 cm de ths, respectively, the litter depths at which most Kapausing weevils reside in those habitats (Slosser and Fuchs 1991) . Leaf litter temperatures in pecan, shelterbelt, and weeping lovegrass habitats were recorded at the soil surface-leaf litter interface during 1985-1988, 1989-1992, and 1988-1989, respectively . Hourly ambient temperature ("C) was recorded at 2 m above the leaf litter surface for each habitat.
Data Analysis. Analyses were conducted (1) to quantify the relationship between leaf litter and ambient daily minimum-maximum and hourly temperatures for 6 ovenvintering habitats, to allow ambient temperature data to be used to estimate temperatures experienced by overwintering weevils accurately, and (2) to quantify the effects of fall-winter severity on the bias associated with using ambient temperature data to estimate negative and positive degree-days (DD) experienced by overwintering boll weevils.
A factorial analysis of variance (JMP, SAS Institute 1995) was conducted on the difference between hourly ambient and hourly leaf litter temperature data, with habitat, hour, week of year, and their interactions as sources of variability. Because the ovenvintering habitats were separated geographically and because the local ambient temperature profile varied with the study sites, the hourly temperature difference between ambient and leaf litter was used to standardize the effects of geographical variation. Also, because the tem erature data for different habitats were recorde J during different years, year was used as a replication. A multiple stepwise (backwards) nonlinear regression analysis (JMP, SAS Institute 1995) was performed on the hourly tem erature data for each of the 6 week of year used as independent variables. Similar regressions were performed on the daily minimum and maximum temperatures, with ambient temperature and week used as independent variables. Using the regression coefficients derived for each habitat, and an independent ambient temperature data set obtained from Stonewall County, positive (>6.1"C) and negative (<O.O"C) degreedays were calculated for each habitat for the diapausing period (1 September31 July). The independent temperature data from Stonewall County represented 2 yr with mild (1986-1987 and 1991-1992) , the lowest number of negative degree-days, and 2 with severe fall-winters (1987-1988 and [1989] [1990] , the highest number of negative degree-days, during 1986-1994. An independent ambient temperature data set was used to estimate habitat temperatures to factor out any bias that may have been associated with the data set used to derive the habitat-ambient temperature relationships having not been recorded from the same years or locations (see Experimental Sites and Weather Data section). An asymmetrical double-sine method was used to estimate positive degree-days (DD > 6.1"C) and negative degree-days (NDD < 0.0"C). Asymmetrical double-sine method estimates degree-days based on rising and falling temperature phases of the day, unlike the conventional double-sine method which estimates degree-days on a half-day basis (Allen 1976). The duration of the rising temperature phase was estimated as the mean time interval between the minimum and maximum daily temperature, and the duration of the falling phase was estimated as the mean time interval between the maximum and minimum temperature of the subsequent day. Positive and negative degree-days alsQ were calculated using the trapezoidal approximation method for each hourly interval and then summing the values for each day (Zalom et al. 1983) . Positive degree-days were compared using a factorial analysis of variance (ANOVA), with temperature source, winter severity (mild versus cold winters), frequency of temperature data (hourly versus daily), week of year, and their interactions as the sources of variability. Negative degree-days were compared as described for the positive degreedays. The significance of all statistical tests was evaluated at the 0.05 level.
Results and Discussion
For each of the 6 habitats, the daily temperature cycle was shifted h later in the leaf litter compared with that recorded for ambient. The amplitude of the daily temperature cycle in the leaf litter of each of the 6 habitats was dampened compared with that recorded for the ambient. The average minimum daily leaf litter temperature was 3.19"C higher in the shelterbelt habitat, followed by mesquite-grass pasture (3.54"C), tall shinnery motte (3.64"C), low shinnery brush (3.81°C), lovegrass (4.Ol0C), and pecan (6.01%). Likewise, the average maximum daily leaf litter temperature was 3.77% lower in shelterbelt, followed by pecan (3.86"C), lovegrass (3.87"C), mesquite-grass pasture (4.07"C), low shinnery brush (5.51°C), and tall shinnery motte (6.12"C). Analysis of variance of the difference between hourly ambient and leaf litter temperatures showed significant effects of habitat type, hour, week, and their %way interactions.
Multiple step-wise nonlinear regression analyses of hourly leaf litter temperatures explained an average of 93% (range, 91% [tall shinnery motte] to 96% [lovegrass]) of the variability in the data, with significant hourly ambient temperature, week, and (week)2 effects (Table 1) . Although hour was a significant factor in the ANOVA, hour did not significantly improve the regression fit. The same terms in addition to an ambient X week interaction term explained an average of 96 and 90% of the variability, respectively, when estimating daily leaf litter minimum and maximum temperatures ( Table  2 ). The greater amount of explained variability with the minimum daily temperature regressions appears to be caused by less seasonal fluctuation in the minimum temperatures compared with the maximum temperatures. Table 3 summarizes the effect of temperature source, winter severity, week, and sampling frequency on positive and negative degree-days accumulated for 6 overwintering habitats and ambient temperatures. Both positive and negative degree-days were significantly affected by temperature source, winter severity, and week, whereas sampling frequency significantly affected positive degree-days only. Mesquite-grass pasture accumulated the most positive degree-days, followed by pecan, low shinnery brush, lovegrass, tall shinnery motte, and shelterbelt, with all but the positive degree-days of mesquite-grass pasture being significantly less than ambient (Table 4) . Mesquite-grass pasture produces the least amount of leaf litter of the habitats examined, except weeping lovegrass (Slosser and Fuchs 1991, Carroll et al. 1993) , and has a canopy that is mostly open, unlike other habitats which are either covered by a tree 138 ENVIRONMENTAL ENTOMOLOGY Vol. 26, no. 2 canopy or by the bunch-type thicket as with lovegrass. As a result, the mesquite-grass asture habduring daylight hours (Slosser and Fuchs 1991) . The shelterbelt habitat accumulated the lowest number of positive degree-days because of the dense canopy of thickly planted 'trees of the different species. In addition, this habitat produces leaf litter as deep as that produced by pecan and tall shinnery motte (Slosser 1993 ). More positive degree-days was believed coincidental with the years of severe winter rather than a cause-and-effect relationship ( Table 4) . Frequency of temperature data significantly affected the estimated positat receives greater exposure to so Ip ar radiation itive degree-days. with the daily minimummaximum data overestimating the cumulative positive degree-days by 2.5% compared with that based on hourly data. Fewer total negative degree-days accumulated in all habitats compared with that calculated for ambient ( Table 5 ) . In pecan, 99% fewer total negative degree-days accumulated, followed by shelterbelt (95%), tall shinnery motte (88%), low shmnery brush (82%), lovegrass (71%), and mesquiteasture (50%). Winter severity greatly grass affecte s the insulating capacities of the overwintering habitats. During years with mild winters, lovegrass, low shinnery brush, and tall shinnery All effects are significant (P < 0.05), except those marked NS (not significant). Average values within each category of winter severity followed by the same letter are not significantly different (P > 0.05, contrast for mean comparisons, JMP, SAS Institute, 1995).
motte were not significantly different from each other in their insulating capacity. Similarly, tall shinnery motte, low shinnery brush, shelterbelt, and pecan were not significantly different from each other during the years with mild winters (Table 5 ) . In contrast, although the ranking of the habitats in their negative degree-day accumulation did not change, years with severe winters discriminated the insulating capacity of overwintering habitats to a greater degree. The greater insulating capacity of pecan, shelterbelt, and tall shinnery motte habitats can be attributed to the amount of leaf litter they produce. Of the 6 habitats studied, pecan, shelterbelt, and tall shinne motte produced leaf litter 5-10 cm deep; low s X innery brush produced litter half as deep as that of tall shinnery motte, and mesquite-grass pasture, which is mostly covered by native grasses, produced litter U4 as dee as that of tall shinnery motte (Slosser and Boll weevil overwintering survival has been explained as a function of time of weevil entry into overwintering habitats, positive and negative degree-days, and rainfall (Parajulee et al. 1996) . Differences in the insulation provided by overwintering habitats can influence boll weevil overwintering survival and subsequent emergence from diapause. During mild winters, cumulative ne ative degreeon their insulating capacity, as suggested by Brown and Phillips (1989) , who indicated that weeping lovegrass provided insulation for the overwintering Fuc K s 1991, Slosser 1993).
days may be too few to differentiate fl abitats based 1984 -1986 . Carroll et al. (1993 reported a lack of a significant difference comparing overwintered weevil suMval for the mild winters of 1987-1988 and 1988-1989 in weeping lovegrass and tall shinnery motte habitats, whereas during the severe winter of [1989] [1990] , no weevils survived in weeping lovegrass but 1.6% of the total weevils released in tall shinnery motte survived. Slosser and Fuchs (1991) reported that overwintering survival in broadleaf and mesquite habitats was similar during the mild winters from -1986 to 1987 -1988 . Slosser et al. (1984 reported a lo-fold higher overwintering survival in tall shinnery motte compared with that in low shinnery brush during a relatively colder winter of 1979-1980, whereas they found no significant difference in overwintering survival between those habitats during a relatively milder winter of 1980-1981. Our analysis of habitat insulation also can be correlated with the emergence patterns observed in different overwintering habitats. Slosser and Fuchs (1991) documented a similar overwintering survival in broadleaf and mesquite habitats, but the emergence terminated in mesquite habitats earlier than in the broadleaf habitats. Carroll et al. (1993) documented an earlier emergence of weevils from a weeping lovegrass habitat compared with that from a tall shinnery motte habitat. Our analyses showed that cumulative positive degree-days were much higher in the mesquite habitat compared with that in broadleaf habitats in all 4 yr, representing mild and cold winters (Table 4) . Similarly, weeping lovegrass habitat accumulated slightly higher positive degree-days than the tall shinnery motte habitat during those 4 yr. Because positive degree-days accumulate more rapidly in the mesquite and lovegrass habitats, spring emergence is terminated sooner in these habitats than in the other habitats which were studied. A more accurate prediction of weevil emer ence from overwinin optimizing spring-early summer weevil control programs.
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